We have isolated mutations in the major coat protein P8 of M13 phage that greatly increase the surface display of monomeric or oligomeric proteins. The monomeric protein, human growth hormone (hGH), was fused to the N terminus of P8; libraries of P8 variants were constructed and variants that increased hGH display were selected by binding to the extracellular domain of the hGH receptor. The hGH-P8 fusion protein was found to be extremely tolerant of mutations, and a number of P8 variants were found that increased display to levels that improved detection of the hGH-P8 fusion by almost 100-fold. The increased display likely results from better accommodation of the hGH-P8 fusion protein in the phage coat. Using this high copy display format, it was possible for the ®rst time to detect variants of hGH with very weak af®nities for the hGHbp (K d > 1 mM). The display of a tetrameric protein, streptavidin (%50 kDa), was also increased, suggesting the approach may be general to many proteins. The initial product of a natural or invented selection from a naive library is often a weakly functioning protein. These improvements in high copy display should facilitate the broader goal for selection of proteins with novel functions.
Introduction
Through a two-step process, the immune system generates high-af®nity antibodies for essentially any protein (Alberts et al., 1983) . The initial immune response is dominated by decavalent antibodies of the IgM class, a polyvalent format that facilitates the selection of low-af®nity ligands through avidity or``chelate'' effects. Low-af®nity IgM selectants are switched to the bivalent IgG format and af®nity is improved through somatic mutation and clonal selection. This two-step approach, based on switching from high to low valency, is very economical; to identify such highaf®nity ligands in one step would require massively large numbers of genes equal to the product (instead of the sum) of the initial IgM and secondary IgG libraries.
Phage display is a powerful approach to engineering peptides or proteins for binding to target proteins of interest (Smith, 1985; Scott & Smith, 1990; Cwirla et al., 1990; Lowman et al., 1991; Wrighton et al., 1996; Fairbrother et al., 1998) . Ligands are expressed as fusions to phage coat proteins and their respective genes are packaged within the phage. The``fusion-phage'' having the best binding properties are selected by binding to an immobilized receptor protein in vitro.
Phage display for selection of naive binding peptides has been made to mimic the two-step avidity switch process used by the immune system (Wrighton et al., 1996; Fairbrother et al., 1998) . Initial low-af®nity peptides (K d > 1 mM) can be selected from naive libraries displayed in a polyvalent format on the major coat protein, protein-8 (P8), which is present in about 2700 copies per virion (Marvin, 1998) . Low-af®nity selectants are matured to high af®nity (K d in the range of 1-100 nM) by display in a low-valency format; peptides are fused to the minor coat protein, protein-3, (P3), which is present in only three to ®ve copies per virion.
Proteins have been displayed in a low copy format by fusing to P8 or P3 in a phagemid vector and providing wild-type P8 and P3 in trans from a helper phage . However, polyvalent display on P8 has been dif®cult because the display levels vary with fusion length and sequence (Malik et al., 1996) . Moreover, when display is directed from a single P8 gene-fusion (without a wild-type P8 gene present), phage are unstable when the fusion peptides are generally greater than ten residues (Iannolo et al., 1995) . Investigators have been able to express larger peptide-P8 fusions using phagemids, and providing an abundant supply of wild-type P8 protein in trans from a helper phage. However, even in a phagemid system, the fusion protein (>100 residues) is usually displayed in no more than a single copy per phage particle (Kretzschmar & Geiser, 1995) . Thus, while monovalent phage display (on P3 or P8) has been used to af®nity mature many different proteins from moderate to high af®nity (Clackson & Wells, 1994) , polyvalent display on P8 for selection of naive properties has not been practical for large proteins (>100 residues). It has been possible to select antibodies from naive libraries displayed on P3; these initial selectants often have af®nities in the nanomolar range, probably because weaker-af®nity molecules cannot be rescued in the low display format (Vaughan et al., 1996) .
Here, we show that the display of two different proteins (22 kDa and 50 kDa) can be greatly increased by simply mutating the P8 gene to which the proteins are fused. This dramatic improvement in display is likely due to better accommodation of the fusion protein in the phage coat. Access to a high copy display format should allow weaker protein functions to be selected initially from naive libraries with much the same success as it has been used for small peptides. This should expand the potential for selecting new or existing protein functions.
Results
Human growth hormone (hGH) display on P8 or P3
Initially, we attempted to increase the display of hGH on P8 by constructing a phagemid vector (pS1607) in which transcription of the hGH-P8 fusion was controlled by the IPTG-inducible P tac promoter (Amman & Brosius, 1985) . To assay the level of hGH display, we titered the phage in microtiter wells containing the hGHbp and measured the amount of hGH-phage bound using an ELISA (see Materials and Methods for details). In the absence of IPTG, pS1607 phage particles displayed hGH at a level comparable to that obtained with an analogous construct (pS1602) in which hGH was fused to P3 (Figure 1 ). Induction with 10 mM IPTG caused a twofold reduction in the yield of pS1607 phage particles and a greater than 100-fold reduction in the yield of pS1602 phage particles; hGH display on pS1607 particles increased slightly, resulting in a ®vefold improvement in hGH detection (Figure 1 ). Further induction with 100 mM IPTG reduced the yield of both pS1607 and pS1602 phage particles by more than 100-fold. Thus, increasing hGH display through IPTG induction proved impractical for P3 display and only moderately improved P8 display.
P8 variants provide increased hGH display
We reasoned that packing of the P8-fusion in the phage coat may improve display. To test this, ®ve ten residue libraries were constructed that together spanned the 50 residue P8 sequence (Figure 2 ). Most positions within each ten residue block were either fully or partially randomized. Lysine residues were not mutated, because the positively charged side-chains may interact favorably with the negatively charged viral DNA, based on the structure of the phage coat (Symmons et al., 1995) . Very large libraries were produced containing at least 3 Â 10 9 independent transformants using a high transformation ef®ciency strain of Escherichia coli (Sidhu et al., 2000) .
Each of the ®ve libraries was cycled through ®ve separate rounds of binding selection on plates Figure 1 . Phage ELISAs for hGH display. Serial dilutions of hGH-P8 phage solutions were incubated in wells containing the immobilized hGHbp as the capture target. Non-speci®cally bound phage were removed by washing, and bound phage were detected spectrophotometrically (492 nm) using a reaction catalyzed by horseradish peroxidase/anti-M13 antibody conjugate. Concentrations of input phage solutions are plotted along the x-axis and the absorbance at 492 nm, which is proportional to the amount of bound phage, is plotted along the y-axis. hGH was fused to: the C-terminal domain of P3 (circles), wild-type P8 (squares) or to P8 selectants: P8(1a) (diamonds), P8(2a) (triangles), or P8(3a) (inverted triangles) (see Figure 3 ). Phage were produced from cultures that were either uninduced (open) or induced with 10 mM IPTG (®lled). See Materials and Methods. coated with the hGHbp, and selected clones were sequenced (Figure 3) . In general, only a small number of wild-type residues were highly conserved in zones 1-3. Only one wild-type residue (Ala10) was completely conserved, and six residues (Ala7, Leu14, Ala18, Ile22, Met28, and Val30) were generally retained as wild-type. Eight positions showed consensus to a non-wild-type sequence (E2K, D4E, P6F, K8R, FllY, G23R, A27T, and V29Y). The zone 4 and zone 5 selectants yielded contaminants from other libraries, and no consensus mutation was found in these regions. These signs are typical that improvements are unlikely to be found. It would The P8 mainchain is shown as a helical ribbon. P8 can be divided into three distinct segments. In the phage particle, segment 1 (red) forms the outer surface, segment 2 (yellow) forms the hydrophobic core and segment 3 (blue) interacts with the DNA core. Side-chains are shown for residues at about ten residue intervals and labeled to the left of the protein. The depicted P8 is from Ff bacteriophage, but it differs from the M13 P8 in only one position (Asn12 in M13 P8 is an Asp residue in Ff P8). Atomic coordinates were obtained from the Brookhaven Protein Data Bank (entry 1IFJ) and represented using programs MOLSCRIPT-II (Kraulis, 1991) and RASTER-3D (Merritt & Murphy, 1994) .
High Copy Phage Display
appear that the ®rst half of the P8 protein is extremely tolerant of substitutions, whereas the back half is not so tolerant. We therefore focused on mutants from zones 1, 2, and 3.
All the selected variants from zones 1-3 that were tested increased hGH display; data for the best selectant in each zone are shown in Figure 1 . These data indicate that, on average, these selectants had display levels that improved hGH detection about 100-fold relative to the wild-type hGH-P8 fusion. For example, the hGH-P8 selectants produced detectable ELISA signals with phage concentrations in the picomolar range, whereas the wild-type hGH-P8 fusion produced a detectable ELISA signal with phage concentrations in the 100 picomolar range. Similar results were obtained when hGH-phage were captured with an anti-hGH monoclonal antibody instead of the hGHbp (data not shown), suggesting the increase was not due to the mutated P8 somehow improving the af®nity for the hGHbp.
IPTG induction of the hGH-P8 variants produced results similar to those obtained with wildtype hGH-P8: 10 mM IPTG induction caused a twofold reduction in phage yield and a further ®vefold improvement in hGH detection (Figure 1 ), while 100 mM IPTG induction reduced phage yields more than 100-fold. These data suggest that these fusions are toxic to E. coli and their over-expression exacerbates the problem.
Display and detection of hGH mutants with attenuated binding affinities
To evaluate the limits for isolating mutants with weakened af®nities, we generated hGH variants whose receptor binding site 1 af®nity was reduced 100 or 500-fold for the hGHbp (Pearce et al., 1999) . The hGH variants were displayed as fusions either to the wild-type P8 or to the best P8 selectant from zone 1. As expected, reductions in binding af®nity produced corresponding reductions in the phage ELISA signal strength (Figure 4 ). When fused to wild-type P8, the lowest-af®nity interaction (K d 820 nM; %500-fold weaker than wild-type) was barely detectable at phage concentrations in the nanomolar range. However, the same hGH mutant provided a robust signal when displayed on the P8 selectant. In fact, display of the lowestaf®nity hGH mutant on the P8 selectant provided a stronger ELISA signal than that of wild-type hGH displayed on wild-type P8. Given the size of the signal, it is reasonable to expect that hGH variants with K d values of the order of 10 mM would be readily detectable in the high display format.
P8 variants provide increased display of streptavidin
To demonstrate the generality of this approach, we tested the P8 display of the biotin-binding protein SAV. When SAV is fused to wild-type P8 it is barely detectable in a phage ELISA with biotinylated-BSA ( Figure 5 ). IPTG induction did not increase SAV display (data not shown). The SAV gene was fused to gene-8 containing random mutations in zone 1, 2 or 3. The libraries were pooled together and sorted for ®ve rounds of binding selection with a polyclonal anti-SAV antibody as the capture target. This target was chosen over biotinylated-BSA because it was easier to release the bound phage from the antibody. Individual clones were sequenced revealing that all of the selectants were from the zone 2 library (Figure 3 ). . Phage ELISA for SAV display. Immobilized, biotinylated BSA was used as the capture target. Display was measured by titering phage for SAV fused to wild-type P8 (circles) or to P8 selectants: P8(2e) (diamonds) or P8(2f) (triangles) (see Figure 3 ). Phage were produced from uninduced cultures. See Figure 1 . This is the zone that showed the greatest consensus in the hGH selection. Although the sequence consensus was minimal, all the SAV selectants showed an increased display of SAV. To quantify the level of SAV display, we titered the phage onto microtiter wells containing biotinylated-BSA and measured the amount of SAV-phage bound using an ELISA, as described in Materials and Methods. The P8 selectants increased the signal strength by at least 50-fold ( Figure 5 ).
Discussion
In practice, it has been possible to display small peptides but not large proteins in a polyvalent format on P8 (Scott & Smith, 1990; Cwirla et al., 1990; Wrighton et al., 1996; Fairbrother et al., 1998; Iannolo et al., 1995) . The fact that phage will not tolerate large peptide fusions on P8 has necessitated the use of phagemid constructs where the phagemid provides the P8 fusion protein and a helper phage produces the wild-type P8 in trans. However, even in phagemid systems, the display levels decrease sharply with increasing fusion size (Malik et al., 1996) . In our experience, most large proteins display well below one copy per phage particle.
We show here that increased transcription from the fusion gene increased display somewhat, but the gains for hGH were modest (Figure 1 ) and there was virtually no effect on SAV display (data not shown). Further increases in transcription greatly reduced the phage yields from both P8 and P3 display systems. These data suggest that transcription is not the limiting factor for high copy display, and that over-expression of these fusions is toxic to E. coli or the phage assembly process.
Phage assembly is a dynamic process; P8 transitions from its independent membrane form to its ®nal role as a polymeric coat protein (Webster, 1996) . In the phage particle, each helical P8 associates with other P8 molecules to form a highly stable sheath surrounding the viral DNA (Marvin, 1998) . We speculated that the fusion of proteins to the N terminus of P8 may hinder the incorporation of the linked P8 during assembly. Thus, low level display of large proteins may be due to the bulky N-terminal fusions interfering with phage assembly and allowing the wild-type P8 to out-compete the P8-fusion.
To test if compensatory mutations could be isolated, we constructed ®ve libraries of P8 variants with N-terminal hGH fusions (Figure 2 ) and selected for those that showed increased display (Figure 1) . The selection yielded P8 variants that were extremely divergent from the wild-type (Figure 3 ). An analogous selection for increased display of SAV produced similar results: the selectants showed little consensus amongst themselves or with wild-type (Figure 3(b) ), yet all improved SAV display ( Figure 5 ).
The structure of P8 can be divided into three distinct regions (Figure 2 ; Marvin, 1998) . Prior to phage assembly, the ®rst 20 residues comprise a polar, periplasmic domain; following assembly, they form the outer surface of the phage particle. The next 19 residues form a hydrophobic, membrane-spanning helix; in the mature virion, these helices from adjacent P8 molecules pack together and provide structural support through hydrophobic interactions. The C-terminal 11 residue stretch resides in the cytoplasm; it contains four positively charged lysine residues that are believed to interact with the negatively charged DNA in the assembled phage particle.
Our results suggest the ®rst 30 residues are very tolerant to mutations; the protein-P8 selectants exhibited minimal homology with wild-type P8 or with each other. Variants from the library spanning residues 21-30 (zone 3) were particularly interesting. Although this hydrophobic segment is believed to reside in the membrane, hydrophilic substitutions occur in all selectants. A previous study (Deber et al., 1993 ) also produced mutants with polar substitutions in this region, and these investigators suggested that residues 21-27 are solvent-accessible.
Libraries spanning the ®nal 20 residues did not yield consensus selectants. Instead, contaminants from other libraries were obtained, suggesting this region is very intolerant to substitution. These results are consistent with a previous study in which the N-terminal half of P8 was found to be more mutable than the C-terminal half (Williams et al., 1995) .
Previous selections for P8 variants have demonstrated that wild-type P8 can accommodate mutations (Williams et al., 1995) , and several triple mutants have been described (Deber et al., 1993) . The selectants described here are surprising, in that they averaged seven mutations within ten varied positions; two variants contained mutations at all ten varied positions (Figure 3) . What makes these results more striking is that the libraries were mildly mutagenized and thus were biased towards the wild-type: most varied positions encoded only eight possibilities and the wild-type was always included. Thus, a selective pressure for increased incorporation into the phage coat (i.e. increased fusion display) caused extreme divergence from the wild-type sequence. This strongly suggests that the wild-type P8 sequence is not optimal for display of fusion proteins, and that display can be improved by mutating P8, especially in zone 2.
Earlier selections for mutations in P8 required production of viable phage from a single P8 gene (Deber et al., 1993; Williams et al., 1995) . For a mutation to be selected in such a phage system, the mutant P8 must be capable of incorporating into the phage coat and the resulting homo-polymeric coat must be stable. Since a phage particle contains several thousand copies of P8, the structural effects of a single mutation are greatly ampli-®ed in a homo-polymeric coat, and the range of viable mutations is consequently narrow.
The phagemid display system here contains two P8 genes: a wild-type gene from the helper phage and a P8-fusion gene from the phagemid vector. Thus, selection is driven for the ability of the P8-fusion protein to be tolerated among the wildtype P8 in the assembled coat. (Even polyvalent display with ten displayed ligands per phage requires less than 1 % of the fusion protein incorporated into the phage coat.) With the wild-type P8 maintaining the integrity of the phage coat, the P8-fusion gene can mutate more freely without compromising phage viability. Thus in a phagemid system, P8 variants can be maintained regardless of their ability to function as independent coat proteins.
The hGH-P8 selectants could be detected at phage concentrations 100-fold below the detection limit for hGH fused to wild-type P8 (Figure 1) . Furthermore, hGH mutants with reduced af®nity for hGHbp were readily detected when fused to a P8 variant (Figure 4) . Display of the biotin-binding protein SAV was particularly challenging, since the protein exists as a tetramer (Weber et al., 1989) and is poorly secreted by E. coli. Functional display on phage requires the incorporation of SAV-P8 into the virion coat, and the assembly of tetrameric SAV. An amber stop codon was inserted between the segments encoding SAV and P8, and phage were produced in an amber supressor E. coli strain. In this system, most translation terminates at the amber stop to produce free SAV monomers, while a small amount of readthrough produces SAV-P8 fusions. It is likely that the majority of displayed tetrameric SAV consists of three free SAV monomers complexed with one SAV-P8 fusion incorporated into the phage coat. When fused to wild-type P8, the display of functional SAV was barely detectable above background. Selected P8 variants provided a 50-fold increase in signal strength, and display was increased from an impractical level to levels that should allow for functional selection ( Figure 5 ).
In conclusion, we have demonstrated that mutations in P8 can be used to increase the display of large proteins on the surface of M13 phage. Since only the fused P8 is mutated, the displayed protein is not altered. High level display allows for the isolation of low-af®nity interactions that could not be detected using either wild-type P8 or P3. This technology should expand our ability to select for naive protein functions that are often very weak in the initial pool of variants.
Materials and Methods

Materials
Reagents for dideoxynucleotide sequencing were from United States Biochemicals. Enzymes and plasmid pMal-p2 were from New England Biolabs. Maxisorp immunoplates were from NUNC (Roskilde, Denmark). E. coli XL1-Blue and M13-VCS were from Stratagene. E. coli SS320 is deposited with the American Type Culture Collection (Manassas, VA). Bovine serum albumin (BSA), Tween 20, and o-phenylenediamine dihydrochloride were from Sigma. Horseradish peroxidase/ anti-M13 antibody conjugate was from Pharmacia Biotech. Streptomyces avidinii was from ATCC (accession number 27419). Goat anti-streptavidin polyclonal antibody was from Zymed Laboratories (South San Francisco, CA). hGH-1: GGGTATCTAGAGGTTGAG hGH-2: TGGAGCTCCCGGATCCTCCACCGCTCTGGAAGCCACAGCTGCCCTC IPTG-1: AAAAGAATTCCCGACACCATCGAATGGTGC IPTG-2: ACCAGATGCATAAGCCGAGGCGGAAAACATCATCG SAV-1: GGCTATCGGAATGCATCGGGCATCACCGGCACCTG SAV-2: GAGTCATAGTCGTCAGGCGCCTCCTCCGGATCCTCCACCCACCTTGGTGAAGGTGTCGTGG g8stop1: GGATCCGGGAGCTCCAGCTGATGAGGTGACGATCCCGCAAAA g8stop2: GATCCCGCAAAAGCGGCCTGATGATCCCTGCAAGCCTCAGCG g8stop3: CAAGCCTCAGCGACCGAATGATGAGGTTATGCGTGGGCGATG g8stop4: GCGTGGGCGATGGTTGTTTGATGAGTCGGCGCAACTATCGGT g8stop5: GCAACTATCGGTATCAAGTGATGAAAGAAATTCACCTCGAAA g8V1: GGATCCGGGAGCTCCAGCRNTNASRNTNASNASNYCRNTRNARNTRNTTTTAACTCCCTGCAAGCC g8V2: GATCCCGCAAAAGCGGCCNWTNASRNTNYTNASRNTRNTRNTRNTNASTATATCGGTTATGCGTGG g8V3: CAAGCCTCAGCGACCGAANWCNWCNKTNWCNYYTNKGNYTNKGNWTNWTGTCATTGTCGGCGCAACTATC g8V4: GCGTGGGCGATGGTTGTTNWTNWCNWTNKTNYTNYTNNTNNTNNTAAGCTGTTTAAGAAATTCACC g8V5: GCAACTATCGGTATCAAGNNGNNSAAGAAANNSNNGNNGAAANNGNNGTGATAAACCGATACAATTAAAGGC Y164A/R178A: AACTACGGGCTGCTCGCTTGCTTCAGGAAGGACATGGACAAGGTCGAGACATTCCTGGCTATCGTGCAGTG-CCGC K172A/R178A: TTCAGGAAGGACATGGACGCTGTCGAGACATTCCTGGCTATCGTCCAGTGCCGCTCT
Phagemids for phage display of hGH on P8 or P3
A DNA fragment containing the gene for hGH was ampli®ed using the PCR (Saiki et al., 1988) , with a derivative of plasmid pB0475 (Cunningham et al., 1989) as template and oligonucleotides hGH-1 and hGH-2 as primers. The DNA fragment was digested with NsiI and cloned into a P8 display phagemid that had been digested with KasI and treated with phage T4 DNA polymerase to produce blunt ends, and subsequently digested with NsiI. The resulting phagemid was designated pS135a. In a second PCR, we used primers IPTG-1 and IPTG-2 to amplify a 1.6 kbp fragment of pMal-p2 containing the lacI q gene and a gene fragment encoding the signal peptide from maltose binding protein under the control of the P tac promoter. The DNA fragment was digested with EcoRI and NsiI, and ligated with the large fragment resulting from a similar digestion of pS135a. The resulting phagemid (designated pS1607) encodes the following fusion product under the control of the IPTG-inducible P tac promoter (Amman & Brosius, 1985) : the maltose binding protein signal peptide, followed by hGH, a Gly/Ser-rich linker peptide (QSGGGSGSSS), and mature P8 of E. coli bacteriophage M13. In addition, pS1607 also contains the lacI q gene (Muller-Hill et al., 1968) for effective transcription repression in the absence of IPTG. An analogous phagemid (designated pS1602) was constructed to encode hGH fused to the C-terminal domain of P3 (Lowman et al., 1991) . The phagemids pS1607 and pS1602 permit display of hGH on P8 or P3, respectively.
A phagemid for phage display of streptavidin on P8
A derivative of pS1607 was constructed and designated pS657a. pS657a differs from pS1607 in two respects. First, the gene encoding hGH has been replaced by sequence encoding a pentapeptide (GGRPV). Second, the introduction of an XbaI site into the linker preceding P8 changes the codon encoding glutamine to an amber (TAG) stop codon. Digestion with NsiI and XbaI excises the pentapeptide-encoding sequence and allows for the directional cloning of appropriately digested DNA fragments into a position analogous to that of the hGH gene in pS1607.
A PCR was performed with Streptomyces avidinii genomic DNA as template and oligonucleotides SAV-1 and SAV-2 as primers. Primer design was based on a published sequence for the SAV gene (Argarana et al., 1986) . The ampli®ed DNA fragment contained codons 16 to 133 of the SAV gene open reading frame,¯anked by an NsiI site at the 5 H end and an XbaI site at the 3 H end. The fragment was digested with NsiI and XbaI, and cloned into similarly digested phagemid pS657a. The resulting phagemid (pW277e) encodes a fusion product similar to that encoded by pS1607, except that hGH has been replaced by SAV. Also, an amber stop codon has been positioned between the segments encoding SAV and P8. In an amber supressor E. coli strain such as XL1-Blue, the production of both free and P8-associated SAV monomers facilitates the assembly of functional, tetrameric SAV on the phage surface.
Construction of mutant P8 libraries
For library constructions, P8 was divided into ®ve zones containing approximately ten contiguous residues each (Figure 2) . Complete coverage of a library with ten fully randomized codons would require 20 10 library members, which far exceeds the practical limits of phage display. Therefore, we used restricted codon sets over the ten residue segments to generate libraries with theoretical diversities of 1.1 Â 10 9
. Although we cannot be sure every possible variant is present in each library, the actual diversities exceeded the theoretical diversity in all cases (see below). The zone 1, zone 2, and zone 3 libraries each encompassed ten residues, which were represented by degenerate codons encoding eight amino acids each. The degenerate codons were chosen on the basis of the wild-type sequence (DNA degeneracies are represented in the IUB code: K G/T, N A/C/G/T, R A/G, S G/C, W A/T, Y C/T). The Ala, Gly, Ser or Thr codon was replaced by an RNT codon, except in zone 3, where Ala codon was replaced by an NYT codon and Gly codon was replaced by an NKT codon. The Asp, Asn, Glu or Gln codon was replaced by an NAS codon. The Phe or Val codon was replaced by an NWT codon. The Ile or Tyr codon was replaced by an NWC codon. The Met or Trp codon was replaced by an NKG codon. The Leu codon was replaced by an NYT codon. The Pro codon was replaced by an NYC codon. The zone 4 library mutated only nine residues. The ®rst six positions were mutated as described above, while the ®nal three were substituted by an NNT codon, which encodes 16 amino acids. The zone 5 library spans 11 contiguous residues, but only the seven non-lysine residues were mutated. In this case, the Phe codon was replaced by an NNS codon that encodes all 20 natural amino acids, while the remaining ®ve positions were replaced by an NNG codon that encodes 16 amino acids.
Libraries were constructed using a modi®ed version (Sidhu et al., 2000) of a previously described method (Lowman, 1998) . Brie¯y, for each zone, an oligonucleotide (g8stopn, where n is the zone number) was used with either pS1607 (for hGH display) or pW277e (for SAV display) as a template to introduce two consecutive TGA stop codons within the zone, using Kunkel mutagenesis (Kunkel et al., 1987) . The resulting phagemid was used as a template in a second round of Kunkel mutagenesis with a degenerate oligonucleotide (g8Vn, where n is the zone number) designed to introduce mutations at the desired sites, as described above.
Libraries were constructed for each zone (Figure 2 ) in P8 within the hGH-P8 fusion product of pS1607. The diversities of these libraries were as follows: zone 1, 2.5 Â 10 10 ; zone 2, 2.5 Â 10 10 ; zone 3, 2.5 Â 10 10 ; zone 4, 1.3 Â 10 10 ; and zone 5, 5.0 Â 10 9 . Libraries were constructed for zone 1, zone 2, and zone 3 of the P8 moiety within the SAV-P8 fusion product of pW277e. The diversities of these libraries were as follows: zone 1, 3.0 Â 10 9 ; zone 2, 6.8 Â 10 9 ; and zone 3, 8.6 Â 10 9 .
Selection of P8 variants that increase fusion protein display
Phage from the hGH-P8 libraries described above were cycled through rounds of binding selection with the human growth hormone binding protein (hGHbp) (Fuh et al., 1990 ) coated on 96-well Maxisorp immunoplates as the capture target. All libraries were sorted separately. Phage were propagated in E. coli SS320 cells with M13-VCS helper phage. After ®ve rounds of binding selection, individual phage were isolated and analyzed in a phage ELISA by capturing the hGH-phage with hGHbp immobilized on a plate, and detecting bound phage (see below). Phage exhibiting strong signals in the phage ELISA were subjected to sequence analysis.
In a similar fashion, the SAV-P8 libraries were pooled and binding selection was performed with an anti-SAV polyclonal antibody as the capture target. Phage were propagated in the SupE E. coli strain XL1-Blue in which the amber stop codon is suppressed as glutamine (Bullock et al., 1987) .
Site-directed mutagenesis
Mutagenesis was performed using Kunkel mutagenesis (Kunkel et al., 1987) . The mutagenic oligonucleotide Y164A/R178A or K172A/R178A was used to introduce the mutations Y164A/R178A or K172A/R178A into the hGH gene.
Phage ELISA for determining relative levels of fusion protein display Phage ELISA protocols were adapted from a previous work (Pearce et al., 1997) . Cultures of E. coli XL1-Blue harboring phagemids were grown for eight hours at 37 C in 1 ml of 2YT, 50 mg/ml carbenicillin, 10 mg/ml tetracycline. The cultures were transferred to 30 ml of the same medium, supplemented with M13-VCS helper phage (10 10 phage/ml) and IPTG at the appropriate concentration, and grown overnight at 37 C. Phage were harvested from the culture supernatant by precipitation twice with PEG/NaCl and resuspended in 1.0 ml of BSA blocking buffer (phosphatebuffered saline, 0.2 % (w/v) BSA, 0.1 % (v/v) Tween 20). Phage concentrations were determined spectrophotometrically (e 268 1.2 Â 10 8 M À1 cm
À1
). Maxisorp immunoplates (96-well) were coated with capture target protein for two hours at room temperature (100 ml at 5 mg/ml in 50 mM carbonate buffer (pH 9.6)). The plates were then blocked for one hour with 0.2 % BSA in phosphate-buffered saline (PBS) and washed eight times with PBS, 0.05 % Tween 20. Phage particles were serially diluted into BSA blocking buffer and 100 ml was transferred to coated wells. After one hour, plates were washed eight times with PBS, 0.05 % Tween 20, incubated with 100 ml of 1:3000 horseradish peroxidase/anti-M13 antibody conjugate in BSA blocking buffer for 30 minutes, and then washed eight times with PBS, 0.05 % Tween 20 and twice with PBS. Plates were developed using an o-phenylenediamine dihydrochloride/H 2 O 2 solution (100 ml), stopped with 2.5 M H 2 SO 4 (50 ml), and absorbance measured at 492 nm.
